Few studies have prospectively examined lipid changes across the menopause transition or in relation to menopausal changes in endogenous hormones. The relative independent contributions of menopause and age to lipid changes are unclear. Lipid changes were examined in relation to changes in menopausal status and in levels of estradiol and follicle-stimulating hormone in 2,659 women followed in the Study of Women's Health Across the Nation (1995)(1996)(1997)(1998)(1999)(2000)(2001)(2002)(2003)(2004). Baseline age was 42-52 years, and all were initially pre-or perimenopausal. Women were followed annually for up to 7 years (average, 3.9 years). Lipid changes occurred primarily during the later phases of menopause, with menopause-related changes similar in magnitude to changes attributable to aging. Total cholesterol, low density lipoprotein cholesterol, triglycerides, and lipoprotein(a) peaked during late peri-and early postmenopause, while changes in the early stages of menopause were minimal. The relative odds of low density lipoprotein cholesterol (!130 mg/dL) for early postmenopausal, compared with premenopausal, women were 2.1 (95% confidence interval: 1.5, 2.9). High density lipoprotein cholesterol also peaked in late peri-and early postmenopause. Results for estradiol and follicle-stimulating hormone confirmed the results based on status defined by bleeding patterns. Increases in lipids were smallest in women who were heaviest at baseline. body weight; lipids; menopause Abbreviations: CI, confidence interval; SWAN, Study of Women's Health Across the Nation.
Numerous studies have shown associations between postmenopausal status and elevated levels of total cholesterol and low density lipoprotein cholesterol (1) (2) (3) (4) (5) . In contrast, evidence regarding the relation between menopause and either high density lipoprotein cholesterol or triglycerides is inconsistent (1, (2) (3) (4) (6) (7) (8) (9) (10) . Although lipoprotein(a) is an established coronary risk factor (11, 12) , the association of the menopause transition with lipoprotein(a) is unclear (13) (14) (15) . Furthermore, because both menopause and lipids are highly correlated with age, it remains unclear whether menopausal lipid changes are independent of age effects (2, 6, 7, 10, 16) .
Few studies have examined whether demographic variables and measures of health status and behaviors modulate menopausal changes in lipids. Obesity has been associated with adverse lipid profiles (17) , and body mass index has been related to endogenous estradiol and follicle-stimulating hormone levels during menopause (18) . Smoking is associated with decreased high density lipoprotein cholesterol (19) and earlier menopause (20) . Physical activity has a favorable effect on lipids (19) , and maintenance of activity during menopause may prevent or attenuate weight gain (21) . Whether these factors affect lipid changes during menopause is potentially important for identifying women at risk for adverse postmenopausal lipid profiles.
The Study of Women's Health Across the Nation (SWAN) provided the opportunity to examine longitudinal changes in serum lipids during the stages of the menopause transition in a multiethnic cohort. The goals of the present analysis were 1) to examine changes in serum lipids related to the stages of the menopause transition as defined by menstrual patterns, 2) to confirm these status-related changes by examining lipid changes in relation to changes in follicle-stimulating hormone and estradiol, 3) to examine the magnitude of these effects in relation to the magnitude of lipid changes attributable solely to age, and 4) to assess whether lipid changes during menopause differ by levels of demographic factors and indicators of health status and behaviors.
MATERIALS AND METHODS
Analyses include data from the baseline and annual evaluations of SWAN, a longitudinal study of the menopause transition (22) . SWAN is conducted at 7 clinical sites: Boston, Massachusetts, Chicago, Illinois, Detroit, Michigan, Los Angeles, California, Newark, New Jersey, Oakland, California, and Pittsburgh, Pennsylvania. Each site recruited at least 430 participants, including non-Hispanic Caucasian women and women from 1 other designated minority group (African American, Chinese, Hispanic, or Japanese). (New Jersey data were truncated at visit 5, because of incomplete subsequent follow-up). During 1995-1997, 16,065 women were screened for eligibility, and 3,302 were enrolled. Eligible women were required to be aged 42-52 years at screening, to have an intact uterus and at least 1 intact ovary, to not be pregnant or breastfeeding, to have not used exogenous hormones affecting ovarian or pituitary function within 3 months, and to have reported menstrual bleeding within the past 3 months.
Analyses excluded 222 women with any type of surgical menopause, 84 with prevalent heart disease or stroke at baseline, 15 using lipid-lowering medications at all visits, and 322 missing outcome or covariate data. Analyses included 2,659 women with up to 7 observations (average, 3.9). At visit 7, 1,058 women provided data, 537 were omitted because of prior initiation of hormone therapy with no subsequent untreated observations, and 1,064 were omitted because of missing data or loss to follow-up. At visit 7, the distribution of menopausal status in the analytical sample was similar to that in all participants (omitting hormone therapy users and surgically menopausal women).
At each visit, data for women reporting hormone therapy use in the previous year were omitted from analyses. For subsequent visits, women were included if use had stopped at least 6 months prior. Reflecting in part the exclusion of women with prevalent cardiovascular disease, at baseline the excluded women were more likely to be African American or Hispanic, smokers, diabetic, treated hypertensives, less educated, heavier, and less physically active.
All sites utilized common protocols, training, and standardization procedures. Informed consent was obtained following procedures approved by each institution's human subjects review board.
Menopausal status was based on responses to questions regarding menstrual irregularity and amenorrhea at each visit. Premenopause was defined as the presence of menses within the past 3 months, with no decrease in cycle predictability. Early perimenopause was defined as the presence of menses within the past 3 months that had become less predictable, and late perimenopause was defined as 3-11 months of amenorrhea (23) (24) (25) . Twelve consecutive months of amenorrhea with no other cause were defined as postmenopause (25) . On the basis of data indicating that reproductive hormones continue to fluctuate for 2 years after the final menstrual period (26) , this category was divided into early ( 24 months of the final menstrual period) and late (>24 months after the final menstrual period). Menstrual patterns provide an easily measured marker of menopausal status in epidemiologic studies. We were able to confirm the results obtained using menstrual data by alternatively using levels of estradiol and follicle-stimulating hormone to represent menopausal status. Estradiol, the main premenopausal estrogen source, decreases during the menopause transition (26) , while follicle-stimulating hormone increases and is a commonly used clinical marker of menopausal status (27, 28) .
Age, smoking, medical history, and medication use were ascertained by self-report annually. Because few women changed smoking status, analyses used baseline smoking. Weight, height, and body mass index (weight (kg)/height (m)
2 ) were ascertained annually. At baseline and each follow-up, phlebotomy was performed in the morning after an overnight fast. Venipuncture was scheduled on days 2-5 (days 2-7 from January 1, 1996, through May 30, 1996) of a spontaneous menstrual cycle within 60 days of recruitment. Two attempts were made to obtain this sample from the early follicular phase. If this timed sample could not be obtained, or in noncycling women, a random fasting sample was taken within 90 days of recruitment (baseline) or within 90 days of the anniversary of recruitment (follow-up visits). Timed samples were obtained for 84% and 72% of pre-and perimenopausal observations, respectively.
Hormone assays were performed on an ACS-180 automated analyzer (Bayer Diagnostics Corporation, Tarrytown, New York) utilizing a double-antibody chemiluminescent immunoassay with a solid-phase anti-immunoglobulin G immunoglobulin conjugated to paramagnetic particles, antiligand antibody, and competitive ligand labeled with dimethylacridinium ester. The follicle-stimulating hormone assay is a modification of a manual assay kit (Bayer Diagnostics) utilizing 2 monoclonal antibodies directed to different regions on the beta subunit, with a lower limit of detection of 1.05 mIU/mL. The estradiol assay modifies the rabbit ACS-180 (anti-E2-6) immunoassay to increase sensitivity, with a lower limit of detection of 1.0 pg/mL. Duplicate estradiol assays were conducted with results reported as the arithmetic mean for each subject (coefficient of variation, 3%-12%). All other assays were single determinations.
Lipid analyses were performed at baseline and at the first and third through seventh follow-ups. Lipid assays at the second visit or beyond visit 7 were not funded in the current project. Lipid, lipoprotein, and apolipoprotein fractions were analyzed on ethylenediaminetetraacetic acid-treated plasma (29, 30) . Plasma was frozen at À20°C and sent on dry ice to the Medical Research Laboratories (Highland Heights, Kentucky). Total cholesterol and triglycerides were analyzed by enzymatic methods on a Hitachi 747 analyzer (Boehringer Mannheim Diagnostics, Indianapolis, Indiana) (29) . High density lipoprotein cholesterol was isolated by using heparin-2M manganese chloride (30) . Low density lipoprotein cholesterol was estimated (31) and set to missing when triglycerides exceeded 400 mg/dL. Low density lipoprotein cholesterol and triglycerides were set to missing when nonfasting samples were obtained (<2% of observations). The laboratory remained certified by the National Heart, Lung, and Blood Institute, Centers for Disease Control and Prevention, standardization program (32) .
The percentages of calories from fat and alcohol consumption were measured at baseline and the fifth followup by an interviewer-administered modification of the 1995 Block Food Frequency Questionnaire (33) . Physical activity was assessed at baseline and at the third, fifth, and sixth follow-ups by using 19 questions adapted from the Kaiser Physical Activity Survey based on the Baecke physical activity questionnaire (34, 35) . This self-administered questionnaire ascertains physical activity in specific domains, including sports/exercise, household/care giving, and daily routine, by use of Likert responses. Responses in each domain are averaged, and an overall composite score is computed as the sum of domain-specific indices (21) .
With regard to statistical analyses, associations of lipids with menopausal status were estimated by random effects linear regression (36) . Analyses were repeated, substituting quartiles of estradiol or follicle-stimulating hormone to represent ovarian status. All analyses were adjusted for the following: ethnicity, study site, education, baseline values of age, smoking (never, past, current), height, and weight; change since baseline in age and weight; and concurrent diabetes, medications for hypertension or lipids, physical activity, alcohol consumption, and percentage of total calories from fat. Models including estradiol and folliclestimulating hormone were also adjusted for day of cycle (days 2-5 vs. other), but not status, given its high correlation with these hormones. Analyses included height and weight, because changes in body mass index are due primarily to weight changes (21) . Analyses using body mass index (not presented) were similar. Age and weight were each separated into the baseline value and change since baseline, to distinguish cross-sectional and longitudinal associations (36) . Similarly, we included both baseline menopausal status or hormone level and concurrent menopausal status or hormone level.
To compare age-related lipid changes with menopausal status-related changes, we examined within-woman changes corresponding to 4.84 years of aging (mean within-woman age change during the pre-to late-perimenopause transition) along with changes during the transition from pre-to late perimenopause. Similar comparisons were done for the mean within-woman changes in estradiol or follicle-stimulating hormone corresponding to the transition from pre-to late perimenopause. The mean within-woman age and hormone changes were estimated from random effects linear regression of either age or hormones on menopausal status. This transition was selected because lipids peaked during late perimenopause.
The interactions of all 11 baseline covariates with menopausal status and hormones were tested by using a significance level of 0.05/11 ¼ 0.0045 and improvement in the goodness-of-fit Akaike Information Criterion statistic (37) to assess whether associations differed across subgroups.
Backward elimination was used to eliminate nonpredictive interaction terms. Only interactions occurring consistently across lipid outcomes were reported.
To present lipid changes in relation to national screening guidelines (17), we estimated the relative odds of low density lipoprotein cholesterol (!130 mg/dL) for each menopausal status relative to premenopause using random effects logistic regression (36) , adjusting for the covariates indicated above and testing for interactions.
Weight, estradiol, follicle-stimulating hormone, and triglycerides were log transformed to handle right-skewness. For presentation, the adjusted means for log-triglycerides were back-transformed to the original scale; standard errors on the original scale were obtained by using bootstrapping (38) . Analyses were repeated, excluding observations concurrent with diabetes and lipid-lowering medication and with adjustment for fasting glucose, with similar results (data not shown). Analyses used SAS, version 9.1, software (39) .
RESULTS
Analyses included 10,387 observations from 2,659 women: 2,354 during premenopause, 5,367 during early perimenopause, 865 during late perimenopause, 818 during early postmenopause, and 983 during late postmenopause. At baseline, by design, the sample was approximately half pre-and half early perimenopausal (Table 1) . Enrolled women had higher education, socioeconomic status, and less current smoking versus those screened and not enrolled (22) . Table 2 presents adjusted mean lipids by concurrent menopausal status, which was significantly associated with all lipids. Total cholesterol, low density lipoprotein cholesterol, lipoprotein(a), and triglycerides peaked during late peri-and early postmenopause, with little difference between pre-and early perimenopause. High density lipoprotein cholesterol also peaked during late perimenopause.
Corresponding results for concurrent estradiol categories are presented in Table 3 . Consistent with results for menopausal status, observations in the highest estradiol quartile had the lowest levels of total cholesterol, low density lipoprotein cholesterol, and triglycerides, although the association with triglycerides was only marginally statistically significant. Contrary to findings for menopausal status, high density lipoprotein cholesterol was highest on average in the highest estradiol quartile. Estradiol was not significantly related to lipoprotein(a).
The adjusted associations of total cholesterol, low density lipoprotein cholesterol, and triglycerides with concurrent follicle-stimulating hormone (Table 4) were also in agreement with those for status. As would be expected, given the inverse relation of estradiol and follicle-stimulating hormone, the direction of associations reversed. In contrast, high density lipoprotein cholesterol was highest in the highest follicle-stimulating hormone quartile, and lipoprotein(a) was significantly positively associated with concurrent follicle-stimulating hormone. Figure 1 presents the adjusted mean within-woman changes in lipids associated with the transition from pre-to late perimenopause, as well as the changes in lipids attributable to 4.84 years of chronologic aging (the mean years elapsed during the pre-to late-perimenopause transition), the changes in lipids attributable to a 33.5-pg/mL decrease in estradiol (the mean decline during the pre-to lateperimenopause transition), and the changes in lipids attributable to a 34.8-IU/L increase in follicle-stimulating hormone (the mean increase during the pre-to late-perimenopause transition). With the exception of within-woman changes in lipoprotein(a) associated with changes in estradiol and follicle-stimulating hormone and in triglycerides associated with decline in estradiol, all within-woman changes in lipids were statistically significant.
Comparing lipid changes associated with the pre-to lateperimenopause transition and changes associated with aging, status transition-related changes were not statistically significantly different from status-adjusted aging-related changes for any of the lipids. For example, after adjustment The most consistently significant interaction of a covariate with either menopausal status, estradiol, or folliclestimulating hormone was for baseline weight. For total cholesterol, low density lipoprotein cholesterol, and triglycerides, the change in lipid during the transition from early to late perimenopause was blunted in the second weight tertile compared with the first; this effect was even more pronounced in the third weight tertile (Figure 2 ). Similar but smaller interactions with baseline weight were seen for estradiol in predicting total cholesterol and low density lipoprotein cholesterol, as well as for follicle-stimulating hormone in predicting total cholesterol, low density lipoprotein cholesterol, and triglycerides.
Significant interactions were also seen for ethnicity with lipoprotein(a), both with menopausal status and with follicle-stimulating hormone. Menopause transition-related and follicle-stimulating hormone-related within-woman changes were largest for African Americans and were not statistically significant for Chinese, Hispanics, or Japanese. The interaction between menopausal status and ethnicity also was statistically significant for high density lipoprotein cholesterol, with the largest menopause transition-related changes for Caucasians. None of the other factors tested exhibited consistent interactions that contributed to the fit of the models.
The relative odds of elevated low density lipoprotein cholesterol (!130 mg/dL) for early peri-, late peri-, early post-, and late postmenopause relative to premenopause were 0.98 (95% confidence interval (CI): 0.81, 1.19), 1.50 (95% CI: 1.12, 2.01), 2.07 (95% CI: 1.51, 2.85), and 1.80 (95% CI: 1.28, 2.54), respectively ( Figure 3) . The peak in the relative odds for elevated low density lipoprotein cholesterol in postmenopause mirrors the peak in continuous low density lipoprotein cholesterol. The figure also displays the relative odds stratified on baseline weight tertile. Status-related increases in risk of elevated low density lipoprotein cholesterol are greatest for women in the lowest weight tertile and decline with increasing weight tertile (P interaction ¼ 0.0009).
DISCUSSION
In SWAN, serum lipids increased modestly during the menopause transition, peaking during late peri-and early postmenopause. A unique strength of SWAN is that we were able to confirm the results obtained for status based on prospective bleeding patterns, with analyses using estradiol and follicle-stimulating hormone as markers of status. The similarity of results validates the use of prospectively collected self-report of amenorrhea and menstrual irregularity to define menopausal status. In addition, we were able to examine the impact of natural menopause relative to aging effects. The impact of menopause versus age among women with early oophorectomy would also be of interest. Because such women were not included in SWAN, this question could not be addressed here.
Both low density lipoprotein cholesterol and total cholesterol peaked in late peri-and early postmenopause. This is consistent with results from studies suggesting that increases in total cholesterol and low density lipoprotein cholesterol are gradual, occurring late in the menopause transition. Matthews et al. (16) reported that the transition from pre-to early perimenopause was not associated with significant changes in low density lipoprotein cholesterol, with changes occurring later in the transition. A small prospective study has shown a gradual increase in low density lipoprotein cholesterol during the menopause transition that continues during the year following menopause (40) .
High density lipoprotein cholesterol increased gradually between pre-and late perimenopause, with a subsequent gradual decline to the premenopausal level. Although this is in contrast to prior studies demonstrating a gradual postmenopausal decrease in high density lipoprotein cholesterol (4, 9, 10), the observed trend is consistent with others showing a gradual increase between pre-and late perimenopause (10, 41) . One small prospective study observed that high density lipoprotein cholesterol peaked and then declined between pre-and postmenopause (41) . Similarly, the Melbourne Women's Midlife Health Project (10) observed a slight increase in high density lipoprotein cholesterol in the year prior to menopause, followed by a similar decrease in the year following the final menstrual period. Additional follow-up is required to determine whether, in SWAN, late postmenopausal high density lipoprotein cholesterol will return to premenopausal levels.
We observed small increases in triglycerides across the menopause transition independent of age. Although some prior studies have shown associations between menopause and increasing triglyceride levels (3, 6) , others have reported either no association or have shown that increases were explained by age effects (2, 7, 10) .
The influence of menopause on lipoprotein(a) has not been established (13, 14) . Baseline SWAN analyses showed no association between either follicle-stimulating hormone or estradiol concentrations and lipoprotein(a) (15) . The Lipid Changes in the Menopause Transition 1357 present analysis showed that, similar to total cholesterol and low density lipoprotein cholesterol, lipoprotein(a) levels peaked during late peri-and postmenopause. Lipoprotein(a) was highest in the highest quartile of follicle-stimulating hormone but was not significantly associated with estradiol. This is consistent with prior SWAN analyses showing that follicle-stimulating hormone is more highly correlated with health outcomes than is estradiol (42) (43) (44) . Few studies have compared the relative magnitude of aging effects with menopause effects on lipids. The ability of prior studies to disentangle age and menopause effects has been limited, because few have followed women through the entire menopause transition. This analysis suggests that the impact of menopause is similar in magnitude to the impact of aging. Status-related changes were not statistically different from age effects, and changes attributable to estradiol or follicle-stimulating hormone were smaller than aging effects, with the exception that follicle-stimulating hormone effects were greater than age effects for low density lipoprotein cholesterol and triglycerides.
To date, not all women in the SWAN cohort have transitioned to postmenopause. Those who transitioned were slightly older and more likely to be perimenopausal at baseline. However, they were similar to other women in terms of smoking, vasomotor symptoms, socioeconomic status, education, and waist circumference. This was true at visit 7 (the last for which lipid measurements are available), when 51.4% were naturally postmenopausal, and at the most recent (ninth) evaluation, when 68.3% were postmenopausal. Thus, this analysis should not be biased toward women who transitioned early.
To our knowledge, the observed interaction of weight with menopausal status with respect to lipids has not been previously reported. Increases in total cholesterol and low density lipoprotein cholesterol were smallest in women in the highest baseline weight tertiles. This may be due to higher circulating estrogen levels among late peri-and postmenopausal women with higher weight, consistent with prior observations in the SWAN cohort that, while body mass index was inversely associated with estradiol levels in pre-and early perimenopause, among late perimenopausal and postmenopausal women, higher body mass index was associated with increased concentrations of estradiol (18) . Addition of either estradiol or folliclestimulating hormone to our regression models reduced the magnitude of the effect modification by weight on the relation of menopausal status to change in total cholesterol or low density lipoprotein cholesterol (data not shown). Thus, although overweight and obese women are at increased risk of elevated lipid levels (17) , thinner women may experience the greatest hormone-related increases in low density lipoprotein cholesterol during the menopause transition. Within the lowest weight tertile, late perimenopausal and postmenopausal women had a greater than 2-fold risk of having low density lipoprotein cholesterol classified as high by national screening guidelines relative to premenopausal women.
Inferences regarding ethnicity interactions are limited by the small sample within status-specific ethnic groups. . P values for differences by menopausal status within specific weight tertiles: in A, P < 0.0001 for tertiles 1 and 2 and P < 0.01 for tertile 3; in B, P < 0.0001 for tertiles 1 and 2 and P < 0.01 for tertile 3; in C, P < 0.0001 for tertiles 1 and 2 and P ¼ not significant for tertile 3. For A, B, and C, the interaction of baseline weight tertile and menopausal status was P < 0.0001.
Menopause-related changes in total cholesterol and low density lipoprotein cholesterol were similar across ethnic groups. There was an interaction with lipoprotein(a) such that African Americans experienced the greatest menopauserelated increases. African-American women in SWAN also have the highest mean lipoprotein(a) prior to menopause (45) , suggesting that postmenopausal levels of this risk factor may be particularly elevated. An interaction with high density lipoprotein cholesterol was also suggested, with the greatest increase among Caucasians. These observations require confirmation in other samples.
Further follow-up is required to determine whether the observed peaks in late peri-and early postmenopause will continue into late postmenopause. Results suggest the importance of continued lipid screening throughout menopause, as increases may not occur until late in the transition. Although absolute lipid changes were modest, the continuous relation between lipoproteins and cardiovascular risk has been established, and even small reductions may lead to a reduction in risk. Compared with premenopausal women, early postmenopausal women had a 2-fold risk of low density lipoprotein cholesterol above the level recommended by national guidelines.
